[1] Asteroidal/cometary impacts should have delivered a large amount of organic matter to Earth and other planets during the heavy bombardment period. Most of the delivered organics, however, would decompose through either severe shock heating upon impact or intense aerodynamic interaction with the ambient atmosphere. Here, we demonstrate that organics decomposed by intense aerodynamic interactions following oblique impacts will be converted to CN radicals under a wide range of redox conditions within primitive atmospheres. High-speed spectroscopic observations reveal that the nitrogen and the carbon comprising CN are derived from both the atmosphere and impact-fragmented projectile materials, respectively. The yield of CN relative to C 2 (a direct vaporization product of projectile materials) increases with both impact velocity and the ratio of N 2 partial pressure to the total atmospheric pressure. Such impact-driven cyanide synthesis may have significantly contributed to basic compounds (particularly nitrogen-rich ones) necessary for the origin of life. Citation: Sugita, S., and P. H. Schultz (2009), Efficient cyanide formation due to impacts of carbonaceous bodies on a planet with a nitrogen-rich atmosphere, Geophys. Res. Lett., 36, L20204,
Introduction
[2] Since the historic lightning experiments by Miller [1953] , various endogenous processes producing organic matter, such as UV radiation [Sagan and Khare, 1971] and air shock by asteroid impacts [Fegley et al., 1986] have been investigated. They have emerged as very efficient processes in organic production. Such processes, however, require a reducing atmosphere (e.g., CH 4 -NH 3 rich) to yield organic matter efficiently since the efficiency of endogenous organic synthesis is extremely low in more oxidizing atmospheres (e.g., CO 2 -CO-N 2 dominant) [Chameides and Walker, 1981; Fegley et al., 1986] . The chemical composition of the Hadean and early Archean Earth, however, is highly controversial. On one hand, chemical equilibrium calculations show that an atmosphere generated by planetesimal accretion is likely to be reducing [Hashimoto et al., 2007] . Moreover, a recent re-evaluation of atmospheric hydrogen escape process to space indicates that the hydrogen escape rate from a reducing atmosphere may be much lower than previously estimated, thereby allowing the Earth atmosphere to stay reducing for a long time [Tian et al., 2005] . However, this hydrogen escape rate may be significantly underestimated after other factors (such as ultraviolet absorption of non-H 2 gases and the geomagnetic field) are taken into account [Catling, 2006] . Geochemical analyses of komatiite lavas also show that the oxidation state of the early Archean mantle is as oxidizing as the modern mantle [e.g., Delano, 2001] . Consequently, extensive volcanic degassing of highly reducing gas from the mantle is unlikely. A theoretical assessment demonstrates that the amount of reducing agent brought by the late-stage heavy bombardment can reduce a pre-existing CO 2 -dominated atmosphere only to a CO 2 -CO atmosphere [Kasting, 1990] . Thus, endogenous organic productivity in the early Earth is highly uncertain.
[3] Thus, the exogenous delivery of organic matter from space remains as a potentially important contributing process [e.g., Chyba and Sagan, 1992; Blank et al., 2001 ]. The extremely intense shock heating upon impact, however, poses a significant challenge for delivering organic matter in asteroids and comets to the surface of the Earth. Such intense shock heating may lead to projectile vaporization. Laser vaporization experiments simulating such impactinduced vaporization also indicate that organic carbon in vaporized comets and asteroids converts to CO and CO 2 very efficiently [Mukhin et al., 1989] .
[4] Laboratory experiments and theoretical calculations reveal, however, that oblique impacts subject the projectiles to much lower shock heating than that in near vertical impacts [e.g., Schultz and Gault, 1990; Blank et al., 2001] . As a result, a significant fraction of organic matter may survive the shock in an obliquely impacting projectile. The surviving projectile fraction, however, retains a very high downrange velocity, typically comparable to the impact velocity [Schultz and Gault, 1990] . Such high downrange velocities lead to subsequent aerodynamic heating of the ''survived'' projectile fragments by interaction with the ambient atmosphere Schultz, 2003a, 2003b] . Aerodynamic heating then would substantially decrease the survivability of organic matter on Earth.
[5] ''Impact-destroyed'' extraterrestrial organic material will interact intimately with the ambient atmosphere, whether as vapor or condensed phases. Such a process would lead to intense chemical reactions between the two components, but have not been examined in detail. Chemical interactions may yield organic matter that might not be produced efficiently by either the projectile matter or the atmospheric gas alone. It also could create a local and transient environment that is favorable for abiotic synthesis of organic matter. Hence, the goal of this study is to understand the chemical reaction process between projectile (i.e., meteoritic) matter and the ambient atmosphere that should occur during hypervelocity oblique impacts.
Hypervelocity Impact Experiments
[6] In order to observe projectile/atmosphere interactions directly, we performed hypervelocity impact experiments at the NASA Ames Vertical Gun Range (AVGR). In the impact experiments, we used polycarbonate ([C 14 H 16 O 3 ] n ) as projectiles, copper as targets, and N 2 -O 2 -Ar mixtures as model atmospheres. The impact angle was fixed at 30 degrees from the horizontal to observe processes associated with 3 to 6 km/s oblique impacts. These impacts were observed using a time-exposure camera and high-speed spectrometers with intensified charge-coupled devices (ICCD's), a system similar to our previous experiments [Sugita and Schultz, 2003a] . The high shock impedance of copper allows laboratory-scale impact velocities to achieve shock conditions for planetary-scale impacts. For example, a one-dimensional impedance matching calculation for the vertical velocity component indicates that the peak internal energy partitioned to the polycarbonate projectile from a 30-degree impact with a copper target at 6 km/s is 3.1 MJ/kg, equivalent to that from a 30-degree impact with an ocean (i.e., water) at $11 km/s. Moreover, the carbon (as a projectile marker) and nitrogen (as an atmospheric marker) can be easily distinguished. If we observe a compound that contains both carbon and nitrogen, it will serve as evidence for chemical reactions between atmosphere and projectile matter.
[7] The impact flash created in a nitrogen-rich atmosphere is much bluer than that in a nitrogen-poor atmosphere (Figures 1a and 1b) . Although such color images cannot help distinguishing between chemical composition and temperature, emission spectra (Figures 1c and 1d ) clearly reveal chemical by-products. The impact vapor in the nitrogen-rich atmosphere exhibits much stronger CN emission than that in nitrogen-poor atmosphere; hence, a chemical reaction occurs between a projectile and the ambient atmosphere. The intensities of the molecular emissions generated by pure vaporization of projectile material, such as CH and C 2 , are not significantly different between the two cases.
[8] Here, it is noted that strong CN emission has been also seen in different impact conditions, where water is used as a target [Sugita and Schultz, 2003a] . This observation strongly suggests that CN formation is not inhibited by the (Figures 1b and 1d) . The exposure time of the spectrometer is 0 -20 ms after the first contact of the projectile to the target. The radiation intensity is calibrated with a NIST-traceable tungsten halogen lamp.
presence of H 2 O, which is (and was) abundant on Earth and Mars.
Spectroscopic Analysis
[9] A simple measurement of intensities of molecular emission bands does not provide accurate information on molecular abundance because the emission intensity is controlled not only by chemical composition but also by temperature. The intensity ratio of appropriate bands of CN and C 2 , however, can serve as a quantitative measure of the molecular abundance ratio of the two molecules.
[10] The relation among the emission intensity I CN l,m of CN molecules, the number N CN of CN molecules in a vapor cloud, and temperature T is given by equation (1) when local thermal equilibrium is achieved [Herzberg, 1950] :
Here h, n lm , g m , N CN , E CN m , and A CN l,m are the Planck constant, photonic frequency, the statistical weight of the upper energy state m, the total number of CN molecules, the energy level of the upper state of CN molecules m, and transition probability of CN molecules from m state to l state, respectively. The partition function Z CN of CN molecules is a complex function of temperature in general, but it is approximately unity at moderate temperatures in the experimental conditions in this study [Sugita and Schultz, 2003a] . Then the ratio of the emission intensities of two molecules such as CN and C 2 is given by
where N C 2 and E C 2 j are the total number of C 2 molecules and the energy level of the upper state of C 2 molecule of the observed electronic transition, respectively. Because E CN m and E C 2 j are generally not equal, the intensity ratio is controlled not only by the ratio of molecular abundance but also by temperature. Thus, it is difficult to estimate the abundance ratio N CN /N C2 from the emission intensity ratio I CN /I C2 when the temperature of impact vapor is not constant. When two emission bands with the same upper state energy level are chosen, however, the emission intensity ratio is proportional to the molecular abundance ratio in the vapor cloud and independent of temperature. In fact, the emission bands of CN at 388.3 nm (the (0,0) transition of Violet System) and C 2 at 468.5 nm (the (4,3) transition of the Swan System) have very similar upperlevel energies: 26,839 cm À1 and 27,737 cm
À1
, respectively [Huber and Herzberg, 1979] . The mismatch in the upper energy levels of the two molecules leads to about 6% of error in N CN /N C2 ratio when temperature is uncertain within the range between 4000 K and 5000K, for example. This is much smaller than the observed dynamic range (more than a factor of ten) for the ratio of emission intensities (Figures 2a).
Results of Analysis
[11] The intensity of all the molecular emission (C 2 , CH, and CN) increases with impact velocity, but the rate of increase depends on specific molecular species. The relative abundance ratio of CN to C 2 increases rapidly with impact velocity (proportionally to the 4.8th power (Figure 2a) ). This empirical velocity-scaling rule is useful for delineating between the effects of impact velocity and atmospheric composition.
[12] The CN-to-C 2 ratio corrected for impact velocity effect increases monotonically with the mixing ratio of N 2 in the ambient atmosphere (Figure 2b) . If the nitrogen in the observed CN were solely from the projectile, then it would not increase with the nitrogen-mixing ratio in the ambient atmosphere. The CN, therefore, must be a product of a chemical reaction between projectile material and the atmosphere.
[13] This result is consistent with previous studies Schultz, 2003a, 2003b ] based on spectral analysis of C 2 emission from hypervelocity impacts under similar conditions. Comparison between spectroscopic observations and theoretical models indicates that the dominant portion of C 2 emission does not come from impact vapor produced by the shock heating during the initial penetration/compression stage but from ablation vapor generated by aerodynamic heating of high-speed projectile fragments. The analysis also strongly suggests that most of the high-temperature ablation vapor containing diatomic carbon is produced around microscopic fragments. Furthermore, a model calculation of the vaporization process on the surface of the microscopic fragments indicates that the observed variation of radiation temperature as a function of ambient pressure requires a very high vaporization energy ($400 kJ/mol) [Sugita and Schultz, 2003b ]. This energy is consistent with the carbon binding energies in hydrocarbon structure, such as C-H bonds ($410 kJ/mol), C-C bonds ($340 kJ/mol), and C = C bonds ($670 kJ/mol) [Morrison Figure 2. (a) The ratio of the abundance of CN molecules to that of C 2 molecules as a function of impact velocity. The impact angle is 30°from the horizontal, and the ambient atmosphere is 33 mbar of air (i.e., 78 vol% of N 2 ). The CN/C 2 ratio increases in proportion to approximately 5th power of the impact velocity. (b) The ratio of the abundance of CN molecules to that of C 2 molecules as a function of the nitrogen mixing ratio in the ambient atmosphere. The CN/C 2 ratio increases in proportion to about 2/3rd power of the nitrogen mixing ratio. The data from different impact velocities are adjusted to the CN/C 2 ratio at 6 km/s of impact velocity using the empirical scaling relation in Figure 2a . It is noted that the data were obtained at different total pressures. The CN/C 2 ratio does not depend on the total pressure very much but controlled strongly by the N 2 mixing ratio.
and Boyd, 1992] . Such high thermal energy density is also consistent with break up of the highly stable triple band of N 2 molecules, allowing the formation of CN radicals. These demonstrate that chemical reactions between meteoritic carbon and atmospheric nitrogen can form CN radicals within a high-speed downrange-moving, debris/melt-loaded vapor cloud resulting from oblique impacts.
Scaling Effect
[14] In order to apply the results of the laboratory experiments to planetary-scale impact events, the effects of differences in scale must be addressed, including impact velocity and impactor size. First, the observed strong velocity enhancement of CN synthesis (Figure 2a) at $6 km/s in a laboratory suggests that the basic process should occur in much higher velocity impacts. This strongly suggests that chemical interaction between meteoritic matter and the atmosphere would have been very intense during higher velocity (>10 km/s) impact events on early Earth. Mean impact velocities on Mars by asteroids, however, are much closer to the actual impact conditions in our experiments. Macromolecular carbon (natural carbon-based polymer), which accounts for the dominant portion of organic matter in carbonaceous chondrite [Cronin et al., 1988] , could react with nitrogen in an ancient Martian atmosphere following impact in a very similar fashion as observed in the laboratory experiments.
[15] Second, larger impactor sizes should lead to larger average fragment (and melt droplet) sizes, even after including the effect of strain rate [Schultz and Gault, 1990] . Then the efficiency of chemical reaction on the surface of impact fragments and melt droplets should also decrease as the surface area/mass ratio decreases. But two processes contribute to reducing fragment size. First, oblique impacts also generate significant quantities (about 50-90% of the total surviving mass) of small fragmented debris controlled by the smallest flaw sizes in a projectile, which are not controlled by the projectile size but largely by microscopic mineralogical properties (surface tension for melt). Laboratory experiments further indicate that the smaller size fraction is independent of the original impactor size [Schultz and Gault, 1990] . Second, surviving ricochet fragments and melt droplets travelling downrange will be further comminuted by high dynamic pressures as they encounter the atmosphere [O'Keefe and Ahrens, 1982] . High-speed fragments continue to be comminuted until either the strength of the surviving fragments finally exceeds the dynamic pressure or fragments lose their velocity. The terminal size of such fragments is controlled by both the strength of fragment material and impact velocity, not by initial size of a projectile [Sugita and Schultz, 2003b] . Furthermore, spectroscopic observations indicate that the most intense interaction between projectile fragments and the atmosphere takes place around the smallest fragments in a vapor cloud Schultz, 2003a, 2003b] . Thus, it is very unlikely that the efficiency of the chemical reaction on fragment surfaces is reduced drastically for large projectiles.
[16] Third, the atmospheric scale height perhaps places a stronger constraint on the applicability of this process to large scales. In order for all the projectile fragments to be coupled fully with the atmosphere, they have to encounter approximately the same mass of atmosphere. When the size of the projectile-derived debris cloud becomes larger than the scale height, however, a significant fraction of projectile fragments will escape the atmosphere before it interacts well with the atmosphere. This will reduce the efficiency of aerodynamic interactions. A simple calculation for debris cloud motion was conducted based on the approach by Hills and Goda [1993] , assuming a constant lateral dispersion velocity of debris for conservative estimates. The results show that if the projectile diameter is smaller than about 1/10 of the atmospheric scale height, then projectile debris cloud from oblique impacts will stay within the atmosphere until most of its kinetic energy has been dissipated via aerodynamic interaction. If the projectile diameter is much larger than this, projectile debris would be able to escape the atmosphere and interaction between them will be inefficient. Thus, the aerodynamic interaction is likely to be effective at least for small to medium-size projectile: up to about a kilometer in diameter for the atmospheres of Earth and Mars. Because smaller impacts occur more frequently, meteoritic impacts would lead to rather frequent supply of organics on prebiotic Earth even if it had a CO 2 -N 2 -dominated atmosphere.
Conclusions
[17] The aerodynamic interaction process revealed in this study serves as a very efficient mechanism to induce chemical reactions between atmospheric gas and projectile material. It also reveals that CN formation occurs even under rather oxidizing atmospheric conditions (i.e., >several % of O 2 ), much more oxidizing than atmospheric condition estimated for prebiotic Earth [Chang et al., 1983; Kasting, 1990 Kasting, , 1993 .
[18] Such a chemical reaction process might allow organic carbon once brought by asteroids/comets but destroyed by either shock heating or aerodynamic heating to ''revive'' instead of simply getting ''wasted''. Then, ''revived'' organic carbon emerges as simple but very active organic compounds, such as cyanides, which also would function as a nitrogen fixation process. Although nitrogen is one of the most important elements in biomolecules, it is not abundant in meteoritic carbon compounds. The N/C ratios in carbonaceous chondrites range from about 0.01 (CV) to 0.06 (CM) [Wasson and Kallemeyn, 1988] , significantly lower than that ($0.1) for microbial biomass [e.g., Chapin et al., 2008] . Hypervelocity interactions between the atmosphere and downrange meteoritic debris matter, however, allow meteoritic carbon to react efficiently with atmospheric nitrogen. This process helps forming N-bearing biomolecules, even from N-poor meteoritic compounds on the surface of a planet with N 2 -rich atmosphere. Thus, hypervelocity impacts by carbonaceous materials may contribute to a new understanding of prebiotic organic inventory on Earth and perhaps Mars.
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